Abstract Honeybees directly transfer plant compounds from nectar into honey. Each plant species possesses a specific metabolic profile, the amount and the typology of plant molecules that may be detected in honey vary according to their botanical origin. Aim of the present work was the spectrophotometrical determination of concentration ranges of simple phenols and flavonoids in 460 several Italian monofloral honeys, in order to individuate specific intervals of plant metabolites for each typology of honey. Moreover, an LC-MS analysis was performed to determine amount of various secondary metabolites in the samples, with the purpose to use them as potential molecular markers in support to honey melissopalynological classification. As plant molecules have a strong reducing power, the antioxidant activity of the honeys was evaluated by two antiradical assays, DPPH and FRAP. The free radical scavenging effect of each monofloral group was correlated to the concentration of simple phenols and flavonoids, with the aim to deduce the existence of possible relationships between these parameters. In conclusion, dark honeys (Castanea sativa, honeydew, Erica sp. and Eucalyptus sp.) appeared to be the richest in secondary metabolites and, consequently, showed higher antioxidant activity. However, all analyzed monofloral honeys showed to be good sources of antioxidants.
Introduction
Plant organisms are the only living entities able to produce secondary metabolites. Indeed, these molecules are specifically synthesized by plant biochemical pathways which are absent in animal cells (Kaufman et al. 1999) .
In nature, more than 200,000 different plant compounds were evolved, in order to regulate the interaction between plants and environment (Fiehn 2002) . In particular, they provide for plants advantageous devices against biotic (competitive species, predators, pathogens) and abiotic (UV radiations, desiccation, thermal shock) stresses and promote the attraction of pollinators, the dispersal of seeds and the allelopathic phenomenon (Dudareva and Pichersky 2008) . On the other hand, plant secondary metabolites have also a positive effect on animal systems, carrying out a strong antioxidant activity (Bertoncelj et al. 2007) . For this reason, in the last decades, medicinal plants, or rather vegetal organisms containing high doses of bioactive molecules, were widely studied for their potential beneficial role on human health, especially in the reduction of cell damages induced by radical species (Gismondi et al. 2013 . In fact, plant compounds are considered excellent free radical scavenging molecules, thanks to their peculiar chemical structure (Gismondi et al. 2017a, b) , and were also proposed as natural drugs by a lot of pharmaceutical industries (Raskin et al. 2002) .
Plant antioxidants, introduced by diet and presenting a great bioactivity and molecular diversity, were demonstrated to be able to act on different cell targets, influencing consumers' health (Raskin et al. 2002; Crozier et al. 2008) . In general, they are employed to restore the tissue redox equilibrium unbalanced by high amount of reactive species, naturally produced by metabolism or resulting from bad life conditions and environmental pollution. Among plant metabolites, phenolics (i.e. simple phenols, flavonoids) are the most abundant and antiradical (Ferreres et al. 2008; Can et al. 2015) .
Nowadays, it is well-known that such type of natural compounds is also present in honey (Tahir et al. 2017) . Indeed, since honey is produced by bees (Apis mellifera ligustica Spinola) starting from floral nectar or plant secretions, secondary metabolites are directly transferred and accumulated from plants into this food. As consequence, honey composition, including physico-chemical, organoleptic and nutraceutical properties, is directly linked with the environmental characteristics of the areas where it is produced (Di Marco et al. 2016) . Consequently, the concentration of phenolic compounds in honey determines the antioxidant power of this natural product and its potential biological activity on humans (Vela et al. 2007 ). Indeed, Can et al. (2015) and Tahir et al. (2017) correlated the antiradical capacity of different honeys with their total phenol content, while Jaganathan and Mandal (2009), Pichichero et al. (2010 Pichichero et al. ( , 2011 reported the antineoplastic effect of honey plant metabolites on in vitro mammalian systems, suggesting the potential role of honey antioxidants in human disease prevention and health promotion (Bogdanov et al. 2008) .
Honey has an important role in human nutrition since prehistoric time. Over its use as sweetener, honey is known for curative properties (Yaniv and Rudich 1997) . In particular, a lot of scientific works demonstrated the effect of honey treatments on human health (Bogdanov et al. 2008; Muhammad et al. 2016) . Moreover, since honey quality and chemical content reflect the source of nectar, honeys with different botanical origin would show dissimilar characteristics and properties (Pichichero et al. 2009 ).
Based on this evidence, the present research aimed to identify the existence of specific ranges of biological parameters (i.e. plant secondary metabolite amount) which could significantly distinguish the various existing monofloral honeys. In fact, beyond the pollen spectrum, other parameters (i.e. electrical conductivity, ashes) are necessary to corroborate or support honey melissopalynological classification (Di Marco et al. 2016) . Moreover, the antioxidant activity associated to each typology of honey was measured, by two antiradical assays, in order to investigate the putative correlation between free radical scavenging power of the samples and their levels of plant antioxidant compounds. According to all previous observations, main objective of the present work was the characterization of the metabolic profile and antioxidant power of 460 Italian monofloral honeys, whose botanical origin was previously identified by Di Marco et al. (2016) , through determination of principal physicochemical parameters and melissopalynological study. In particular, by spectrophotometric and chromatographic approaches, for each honey, simple phenol and flavonoid content, concentration of specific secondary metabolites and antiradical property were quantified. All results, obtained for each monofloral typology, were analyzed to determine the existence of a possible correlation between nutraceutical value and botanical origin of the honeys.
Materials and methods

Honey samples
Four hundred and sixty monofloral honeys, collected in the whole Italian territory, were studied. The botanical origin of the samples was determined in Di Marco et al. (2016) as follows: 140 acacia honeys (Robinia pseudoacacia L.), 70 chestnut honeys (Castanea sativa Mill.), 10 rhododendron honeys (Rhododendron sp.), 15 dandelion honeys (Taraxacum officinale Web.), 10 lime-blossom honeys (Tilia sp.), 10 thyme honeys (Thymus sp.), 20 heather honey (Erica sp.), 45 eucalyptus honeys (Eucalyptus sp.), 35 hedysarum honeys (Hedysarum coronarium, L.), 45 orange blossom honeys (Citrus sp.) and 60 honeydew honeys.
Secondary metabolite determination: simple phenols and flavonoids
The quantitation of simple phenols and flavonoids was performed by spectrophotometric assays, using a spectrophotometer CARY 50 BIO model (Varian, Italy), according to Di Marco et al. (2014) method with some modifications. For simple phenol determination, 1 g of honey was diluted in 10 mL of bi-distilled water and sonicated for 20 min. To 0.5 mL of honey solution, 2.5 mL of 0.2 N Folin-Ciocalteu reagent and 2.0 mL of Sodium Carbonate 0.7 mol L -1 were added. Then, sample was incubated for 2 h at room temperature in the dark. Absorbance of the solution was read at 760 nm with respect to a blank control of bi-distillate water. A calibration curve with gallic acid (0-1000 mg L -1 ) was made to extrapolate simple phenol concentration in the samples. Results were expressed as mg of gallic acid equivalent (GAE) per kg of honey. For flavonoid determination, 1 g of honey was dissolved in 1 mL of methanol and sonicated for 20 min. Then, 0.25 mL of honey extract was mixed with 0.75 mL of 5% sodium nitrite, 0.15 mL of 2% aluminium chloride, 0.5 mL of 1 mol L -1 sodium hydroxide and 0.25 mL of distillate water. Sample absorption reading at 510 nm was taken after 10 min of incubation in the dark, with respect to a methanol control. Total flavonoid content was determined using a calibration curve obtained with increasing concentrations of quercetin (0-1000 mg L -1 ). Data were expressed as mg of quercetin equivalent (QE) per kg honey.
Secondary metabolite analysis by LC-MS
The biochemical profile of honey samples was performed, as described in Impei et al. (2015) , by a liquid chromatographic system associated with an LC-20 AD pump, a CBM-20A controller, a SIL-20A HT auto sampler and a single quadrupole mass spectrometer (Shimadzu, Tokyo, Japan). The instrument operated using electro-spray ionization (ESI) source, in positive and negative ion modes. Data were acquired by Lab solution software (Shimadzu). During the analyses, mass spectrometer parameters were set as follows: capillary voltage 3.0 kV, interface voltage 4.5 kV, heat block 200°C, DL temperature 250°C, nebulising gas 1.5 L min -1 and drying gas flow 15 L min -1 (N 2 ). Qualitative and quantitative determination of specific secondary metabolites present in honey samples was carried out on the basis of retention time (min), molecular weight (kDa) and mass spectrum with molecular ion of reference (mass-to-charge ratio; m/z), of increasing concentration of adequate standards (Sigma-Aldrich, Milan, Italy). Results were expressed as mg of standard equivalent per Kg of honey. For LC-MS study, secondary metabolites were extracted from honeys as described in Bertoncelj et al. (2011) with appropriate modifications. Ten g of honey were dissolved in 15 mL of acidified water with chloridric acid (pH 2.00). Then, the solution was purified through DSC-C 18 cartridges (Sigma-Aldrich), previously conditioned with 3 mL of methanol and 3 mL of distillate water. Columns were washed with 5 mL of acidified water and 15 mL of bidistillate water. Plant metabolites were eluted with 3 mL of methanol/acetonitrile (2:1; v/v) which were then diluted with 0.1 mL of 10 mmol L -1 sulfuric acid. 10 lL of purified extract were loaded into the instrument. Metabolite separation was obtained using a Reprosil_pur ODS-3 FAST column (100 mm 9 2 mm 9 3 lm) (Dr Maisch, Germany) set at 30°C. Total run time was of 32 min and mobile phases were 0.1% formic acid (phase A) and acetonitrile (phase B). The analysis was performed at constant flow rate (0.3 mL min -1 ) and setting the elution gradient as reported: 0-3rd min at 85% A-15% B; 6th min at 70% A-30% B; 18th min at 65% A-35% B; 25th-29th min at 30% A-70% B; 31st-32nd min 85% A-15% B.
Antioxidant activity of honeys: DPPH and FRAP assays
The radical DPPH (DPPH Á ; 2,2-diphenyl-1-pycrilhydrazyl)
is commonly used to evaluate the antioxidant activity of different food matrixes, since it is highly reactively toward the reducing species. The DPPH solution has a violet coloration that changes to yellow in presence of the antioxidant scavenger, developing its reduced form (DPPH-H).
The antioxidant activity was estimated by spectrophotometric analysis (spectrophotometer CARY 50 BIO model-Varian, Italy), according to Beretta et al. (2005) method, adequately modified as follows. Honey samples were dissolved in bi-distilled water, with the aim to prepared different sample concentrations (20, 100, 350 and 800 mg mL
). One hundred lL of each honey dilution was mixed with 1.9 mL of 130 lmol L -1 DPPH and 1 mL of 0.1 mol L -1 Acetate buffer (pH 5.5); samples were vortexed and, then, incubated for 90 min at 37°C in the dark. The spectrophotometric readings of the different samples and relative blanks (not containing DPPH Á ) were used to create a calibration curve, in order to calculate the IC 50 values, that is the amount of honey (mg) which reduces the 50% of one mL of 130 lmol L -1 DPPH Á radical solution. The FRAP (Ferric Reducing Antioxidant Power) assay is a direct colorimetric test used to determine the antioxidant power of food and plant extracts (Benzie and Strain 1996) . This test evaluates the absorbance variation, at 593 nm, caused by the formation of blue-colored Fe 2? -TPTZ from colorless oxidized Fe 3? -TPTZ, by the action of electron-donating antioxidants. It was carried out according to Bertoncelj et al. (2007) , with some modifications. Honey samples were dissolved in bi-distillated water at the final concentration of 1 g mL -1 . Two hundred lL of honey solution was added to 1.8 mL of FRAP reagent (TPTZ 10 mmol L -1 in HCl 40 mmol L -1 , FeCl 3 20 mmol L -1 , acetate buffer 0.3 mol L -1 pH 3.6 in a ratio 1:1:10 v/v/v) and incubated 10 min at 37°C. Absorbance readings at 593 nm were performed by a spectrophotometer CARY 50 BIO model (Varian, Italy). Results were expressed as lmol L -1 of ascorbic acid equivalents per g of honey (lmol L -1 AAE g -1 ), according to a calibration curve adequately created with pure ascorbic acid (20-700 lmol L -1 ).
Statistics
All experiments were repeated in triplicate. Data were reported as mean ± standard deviation (sd) of the three independent analyses. Significance was calculated by one- 
Results and discussion
The nutraceutical potential of honey samples was determined by studying their content in secondary metabolites. Therefore, total simple phenols and flavonoids were quantified (Fig. 1) .
As indicated in Fig. 1A, ). These results suggested that the botanical origin could strongly influence the concentration of specific classes of plant metabolites (i.e. simple phenols, flavonoids) in honeys. Consequently, the quantitation of such type of compounds, with respect to the concentration range measured in each sample group, would represent a useful discrimination tool for honey classification and identification. It was evident that darker samples (honeydew, C. sativa, Erica sp. and Eucalyptus sp.) possessed the highest doses of secondary metabolites, in accordance with Bertoncelj et al. (2007) and Beretta et al. (2005) . All other typologies of honey clustered together, showing overlapping values. In general, the concentration of plant molecules detected, during the present study, in Italian honeys was double compared to Slovenian and commercial samples, analyzed in Bertoncelj et al. (2007) and Beretta et al. (2005) , respectively.
As second step, all samples were subjected to LC-MS analysis, in order to obtain a chromatographic characterization of the honeys. In particular, seven plant secondary metabolites, three phenolic acids (caffeic acid, p-coumaric acid and chlorogenic acid) and four flavonoids (apigenin, myricetin, kaempferol and quercetin), were detected, identified and quantified (in mg per kg of honey), with respect to pure standard molecules (Table 1) . C. sativa, Fig. 1 Secondary metabolite quantification. Concentration ranges of simple phenols (A) and flavonoids (B) detected in different monofloral honeys were shown. Results, expressed in mg of standard equivalent (GAE and QE) per kg of sample, represent the mean ± SD of three independent measurements honeydew and Taraxacum sp. honeys presented the highest total amounts of plant compounds, while H. coronarium, R. pseudoacacia and Rhododendron sp. samples the lowest ones.
The presence of phenolic acids was just revealed in some monofloral typologies (i.e. C. sativa and honeydew); Erica sp. was the only sample which contemporary contained caffeic, p-coumaric and chlorogenic acids. Caffeic acid and chlorogenic acid were also found, respectively, in C. sativa honey (10.6 ± 1.0 mg kg -1 ) and honeydew samples (15.8 ± 1.4 mg kg -1 ). Finally, beyond Erica sp. honeys, p-coumaric acid was observed in H. coronarium (6.2 ± 0.9 mg kg On the other hand, flavonoids were widely distributed in all samples. In detail, apigenin, not detected in R. pseudoacacia and Taraxacum sp. honeys, was very abundant in Thymus sp. (90.8 ± 4.7 mg kg -1 ) and C. sativa samples (75.8 ± 2.2 mg kg -1 ), while quercetin, absent in R. pseudoacacia, reached the highest doses in honeydew (43.4 ± 3.7 mg kg -1 ) and C. sativa (40.8 ± 2.3 mg kg -1 ). Myricetin was extremely elevated in Taraxacum sp. honey (100.1 ± 1.1 mg kg -1 ), while kaempferol levels were similar among all samples (16.3 and 38.9 mg kg -1 ). In general, LC-MS data corroborated the spectrophotometrical results previously described, although just a few molecules were quantified in this study. Honeys from different botanical origin showed dissimilar content of various secondary metabolites. In addition, the metabolic profiles can be used to identify specific molecular markers to support melissopalynological analysis in honey botanical classification (Di Marco et al. 2016) . In detail, according to our data, peculiar plant compounds could be mainly associated to certain flowerings and, consequently, to their deriving monofloral honeys: myricetin for Taraxacum sp. honey; apigenin, caffeic acid, quercetin and p-coumaric acid for C. sativa honey; caffeic acid and chlorogenic acid for Erica sp. honey; quercetin, chlorogenic acid and p-coumaric acid for honeydew. However, we want to underline that the metabolic profile cannot represent, alone, the distinctive element for the botanical origin of a honey.
Currently, honey is considered a natural product with elevated nutraceutical value; in fact, since it is very rich in bioactive substances (i.e. plant metabolites, microRNAs), different scientific works suggest the use of this food in human diet to improve consumers' health and prevent the onset of diseases (Bogdanov et al. 2008; Muhammad et al. 2016; Gismondi et al. 2017a, b) . Earlier, the amount of simple phenols and flavonoids was documented to be the main factor responsible for the determination of honey antioxidant effect (Meda et al. 2005; Cai et al. 2006; Pichichero et al. 2009; Di Marco et al. 2012 ). However, title was reported about the relationship between honey antiradical power and content of these specific molecules. For this reason, after determination of free radical scavenging activity of the different monofloral samples, the correlation between the concentration of secondary metabolites in honey and their reducing effect was investigated. Here, it is important to specify that, despite the high level of antioxidant molecules, honey, being also rich in carbohydrates, especially monosaccharides (i.e. glucose, fructose), represents a rapid source of energy but, at the same time, a high-caloric food, potentially dangerous for consumers with metabolic dysfunctions (i.e. diabetes). 
Castanea sativa 75.8 ± 2.2 33.6 ± 1.8 32.4 ± 1.4 40.8 ± 2.3 10.6 ± 1.0 22.2 ± 0.5 n.d. 215.4 ± 9.2
Erica sp. 19.3 ± 1.1 19.5 ± 1.6 20.1 ± 2.1 24.4 ± 1.3 10.2 ± 2.2 4.4 ± 0.5 7.2 ± 0.8 105.1 ± 9.6
Thymus sp. 90.8 ± 4.7 8.1 ± 2.1 n. The antioxidant properties of honeys was evaluated by DPPH and FRAP assays, as displayed in Fig. 2 . DPPH, expressed by IC 50 index, gives an indirect measure of honey antiradical effect (Fig. 2A) . The highest value of IC 50 , corresponding to lowest antioxidant power, was found in R. pseudoacacia honeys (161.3 ± 8.8 mg). On the other hand, Eucalyptus sp. (8.0 ± 2.6 mg), Erica sp. (5.9 ± 1.1 mg), C. sativa (5.7 ± 1.76 mg) and honeydew (3.4 ± 0.5 mg) showed the strongest antiradical properties.
FRAP test offers a direct measurement of the antioxidant power of the samples, through comparison with a calibration curve obtained with ascorbic acid, a wellknown antioxidant (Fig. 2B) . Coherently with DPPH, the highest antiradical activity was registered in honeydew
, and Eucalyptus sp. (69.7 ± 3.0 lmol L -1 AAE g -1 ) honeys. R. pseudoacacia (27.8 ± 3.1 lmol L -1 AAE g -1 ) and H. coronarium (24.4 ± 3.1 lmol L -1 AAE g -1 ) were the less antioxidant.
To put in prominence all possible correlations existing between antiradical activity and concentration of plant metabolites in honey, 3D-diagrams, reporting the data of simple phenols and flavonoids with respect to DPPH (Fig. 3a) or FRAP (Fig. 3b ) results, were produced by R statistics software. As evidenced by these analyses, the ) and represented the mean ± SD of three independent measurements high content of simple phenols and flavonoids in Erica sp. and honeydew samples clearly justified the strong antioxidant power of these honeys, revealed both by DPPH and FRAP assay. Since C. sativa and Eucalyptus sp. samples had similar antiradical effect although the first ones were richer in simple phenols but not in flavonoids than second ones, it is clear that the antioxidant tests performed in the present study are probably more sensible to flavonoid concentration in honey than simple phenol levels. However, on the contrary, Rhododendron sp. honeys, generally poorer of secondary metabolites compared to Tilia sp., Thymus sp. and Taraxacum sp. ones, appeared to be equally or even more reducing that these last samples. This phenomenon could be easily justified by the presence in Rhododendron sp. samples of other classes of plant compounds (i.e. terpens) which were not considered in this Fig. 3 Statistical inferences of monofloral honey parameters. 3D-diagrams, produced by R statistics software and reporting the quantitation data of simple phenols and flavonoids with respect to DPPH (a) or FRAP (b) results, were reported. The analysis of the principal components (c) was carried out by PAST software on the results obtained in the present work (simple phenols, flavonoids, DPPH and FRAP). The axes of the graph (component 1 and 2) explained, respectively, 88.9 and 6.9% of the whole variance research but whose free radical scavenging activity in honey was widely documented in literature (Genovese et al. 2016) . Coherently, H. coronarium and R. pseudoacacia honeys, showing the lowest amounts of plant antioxidants, were the less antiradical samples. The case of Citrus sp. honeys needs a little comment. In fact, the reducing property of these honeys was strongly lower (especially according to DPPH assay) than Rhododendron sp. honeys, although both these samples presented a very similar concentration of secondary metabolites. However, it is well known that plant compounds, on the basis of their chemical structure, are able to carry out diverse antioxidant activities, as reported in Gismondi et al. (2017a, b) . Therefore, the observation previously raised on Citrus sp. and Rhododendron sp. honeys would find an explanation in the different metabolic profiles of these samples, as also revealed by LC-MS analysis (Table 1) (Fig. 3c) . The two axes of the graph explained more than 94% of the whole variance, suggesting a high significance of the analysis. According to it, three main groups of samples were proposed. Erica sp., honeydew, C. sativa and Eucalyptus sp. honeys, being the most antiradical and the richest in secondary metabolites among all samples, were clustered together. Rhododendron sp., Tilia sp., Thymus sp. and Taraxacum sp. made up an intermediate group, while H. coronarium, Citrus sp. and R. pseudoacacia composed the less antioxidant cluster, confirming the results reported by 3D-diagrams (Fig. 3a, b) .
The present work documents that honey is a good antiradical food. Indeed, according to our data, 100 g of honey (about 5 teaspoons) contain, on average, the same amount of antioxidants detectable in 100 g of fresh fruit (i.e. pineapple, raspberry, cherry, peach, strawberry, banana) or vegetables (i.e. broccoli, cabbage, spinach, tomato, onion) (Balasundram et al. 2006; Klimczak et al. 2007 ).
Conclusion
In the present work, 460 honey samples were studied, in order to correlate the amount of secondary metabolites present in these matrixes with their antioxidant power. Spectrophotometric and LC-MS analyses revealed that each monofloral honey was characterized by a specific metabolic profile. In detail, we deduced that peculiar chemical compounds could be typically linked to certain flowerings and, consequently, to their deriving monofloral samples (i.e. myricetin and chrysin for R. pseudoacacia honey; apigenin and quercetin for Thymus sp. honey). Although these metabolites may be used as potential markers for the identification of honey botanic origin, the bioactivity of each sample is surely due to the synergy of all its molecular components. Dark honeys were demonstrated to be more antiradical than light ones, as consequence of their higher concentration of phenolic compounds. This evidence indicates that honeys are certainly good sources of natural antioxidants.
